Choroid plexus tumors and ciliary body medulloepithelioma are predominantly pediatric neoplasms. Progress in understanding the pathogenesis of these tumors has been hindered by their rarity and lack of models that faithfully recapitulate the disease. Here, we find that endogenous Myc proto-oncogene protein is down-regulated in the forebrain neuroepithelium, whose neural plate border domains give rise to the anterior choroid plexus and ciliary body. To uncover the consequences of persistent Myc expression, MYC expression was forced in multipotent neural precursors (nestin-Cre:Myc), which produced fully penetrant models of choroid plexus carcinoma and ciliary body medulloepithelioma. Nestin-mediated MYC expression in the epithelial cells of choroid plexus leads to the regionalized formation of choroid plexus carcinoma in the posterior domain of the lateral ventricle choroid plexus and the fourth ventricle choroid plexus that is accompanied by loss of multiple cilia, up-regulation of protein biosynthetic machinery, and hydrocephalus. Parallel MYC expression in the ciliary body leads also to up-regulation of protein biosynthetic machinery. Additionally, Myc expression in human choroid plexus tumors increases with aggressiveness of disease. Collectively, our findings expose a select vulnerability of the neuroepithelial lineage to postnatal tumorigenesis and provide a new mouse model for investigating the pathogenesis of these rare pediatric neoplasms. (Am J Pathol 2018, 188: 1334e1344; https://doi.
Choroid plexus neoplasms [choroid plexus papilloma and choroid plexus carcinoma (CPC)] and ocular ciliary body medulloepithelioma (CBME) represent rare tumors of early childhood, with median ages of onset of 3.5 1 and 5 years, 2 respectively. Surgical resection remains the only effective therapy for these tumors, but they can recur and metastasize, with devastating consequences. Recent work suggests that epigenetic dysregulation, TP53 mutations with Li-Fraumeni syndrome, and several genetic mutations can lead to choroid plexus neoplasms. 1,3e6 However, the molecular pathogenesis of these tumors remains poorly understood. Critically, even less is known regarding CBME, for which no mouse models currently exist.
Pediatric tumors often harken back to missteps during development. Progress has been made in understanding the molecular mechanisms for more common pediatric tumors, including medulloblastoma, for which tumor geneexpression profiles from relevant progenitors inform therapy choice and prognosis. 7e9 During normal development, Myc family members are highly expressed in embryonic tissues, but not in adult tissues. 10 Forced persistent expression of N-myc in neural stem cells gives rise to various tumors, including medulloblastoma/primitive neuroectodermal tumors and diffuse glioma. 11 We focused on the expression of a different Myc subtype, c-Myc (Myc hereafter), in forebrain neuroepithelial progenitors. These progenitors extend to the anterior neural plate border and give rise to both the anterior choroid plexus and ciliary body of the eye. 12, 13 Endogenous Myc expression was down-regulated in the developing forebrain neuroepithelium during neural tube closure. To test the consequences of persistent Myc expression, Myc expression was genetically induced in nestin-expressing neural precursors immediately after neural tube closure, and a mouse that acquires postnatal CPC and CBME, with complete penetrance, was generated. Examination of human choroid plexus papilloma and CPC cases indicated that increased MYC expression correlated with increased aggressiveness of disease. Our work emphasizes the prominence of regional and temporal restrictions in tumor formation and provides a new platform for investigating the pathogenesis of these rare tumors.
Materials and Methods

Study Approval
All animal experimentation was performed using protocols approved by the Institutional Animal Care and Use Committee of Boston Children's Hospital (Boston, MA). All human samples were obtained using an IRB-approved protocol at Boston Children's Hospital.
Mice
StopFLMYC mice (catalog number 020458; The Jackson Laboratory, Bar Harbor, ME) were maintained in a C57BL/ 6J genetic background and crossed with nestin-Cre (catalog number 003771; The Jackson Laboratory) to generate Myc-overexpressed (OE) mice, in which human MYC transgene is expressed in neural progenitor cells. Please refer to Table 1 for histologic and immunohistochemical characterization of choroid plexus tumors in nestin-Cree driven Myc-OE mice. Rosa mTmG (catalog number 007676; The Jackson Laboratory) was crossed with nestin-Cre (catalog number 003771; The Jackson Laboratory) to generate nestin-Cre/Rosa mTmG reporter mice. All analyses were performed using both male and female mice. Table 2 lists information on the ages and sexes of the human choroid plexus samples used. Any tumor sample with a mean percentage of Myc-expressing cells of 5% or higher was defined as Myc-positive, and any sample with a mean percentage of Myc-expressing cells under 5%, as Mycnegative.
Human Samples
Nucleolar Volume Quantification
Nucleolar volume was quantified in accordance with published methods. 14, 15 Cryosections for quantification were 20 mm thick and stained with anti-fibrillarin antibody (Abcam, Cambridge, MA). Z-stack images were acquired using the Â40 objective on an LSM 700 laser scanning confocal microscope (Carl Zeiss, Oberkochen, Germany). Three-dimensional reconstruction was performed using the Surface tool in Imaris image analysis software version 7.7.1 (Bitplane, Zurich, Switzerland). Nucleoli with sphericity <0.44 or volume <0.10 mm 3 were considered as staining artefacts and excluded. Nucleolar volume was quantified using Imaris in a blinded manner (M.L.S., R.M.F., and K.F.C.).
Choroid Plexus O-Propargyl-Puromycin Incorporation
Fresh choroid plexuses were dissected into Dulbecco's modified Eagle's media and incubated at 37 C for 30 minutes in neurobasal medium with 1% penicillin/streptomycin and 1% GlutaMAX (Thermo Fisher Scientific, Waltham, MA). After 30 minutes of incubation with 20 mmol/L O-propargyl-puromycin in neurobasal medium with 1% penicillin/streptomycin and 1% GlutaMAX, choroid plexuses were briefly washed with sterile phosphatebuffered saline, fixed for 15 minutes in 4% paraformaldehyde, and cryoprotected in 30% sucrose. Samples were frozen in optimal cutting temperature compound (Thermo Fisher Scientific) and cryosectioned to a thickness of 7 mm. O-propargyl-puromycin signals were detected using the Click-iT plus O-propargyl-puromycin protein synthesis assay kit (Thermo Fisher Scientific) according to the manufacturer's suggested procedures. Images were acquired at Â10 using a Nikon Eclipse inverted microscope (Nikon Instruments, Melville, NY), and fluorescence intensity was quantified using ImageJ software version 2.0.0rc-43/1.51g (NIH, Bethesda, MD; http://imagej.nih.gov.ij). In ImageJ, the Hoechst-stained layer was used to create an unbiased mask of individual, nonoverlapping cells. To crease the mask, the Hoechst-stained layer was subjected to an unsharp mask (S Z 4.0, w Z 0.6), then thresholded using the automatic Otsu thresholding protocol. This thresholded image was subjected to the watershed protocol and then used to create the mask. This mask was applied to the original image, and particles between 25 and 250 pixels in size were analyzed for fluorescence intensity in the green O-propargyl-puromycin channel. All values of raw intensity density under 1000 intensity units were excluded as background. Individual values from choroid plexus cells were then analyzed for a change in overall distribution of gray levels using the Mann-Whitney U-test.
Tissue Fixation and Processing
Dissected choroid plexuses and eyes were fixed in 4% paraformaldehyde (in 1Â phosphate-buffered saline, pH 7.4). Pups and adults were transcardially perfused, and brains were dissected for postfixation in 4% paraformaldehyde. For microtome sectioning, samples were embedded in paraffin. For cryosectioning, samples were incubated in the following series of solutions in 1Â phosphate-buffered saline: 10% sucrose, 20% sucrose, 30% sucrose, 1:1 mixture of 30% sucrose and optimal cutting temperature compound (overnight), and optimal cutting temperature compound (1 hour). Samples were frozen in optimal cutting temperature compound.
Immunohistochemical Analysis
Cryosections were blocked and permeabilized (0.3% Triton X-100 in phosphate-buffered saline, 5% serum), incubated in primary antibodies overnight, and then in secondary antibodies for 2 hours. Sections were counterstained with Hoechst 33342 (Thermo Fisher Scientific) and mounted using Fluoromount-G (SouthernBiotech, Birmingham, AL). Paraffin-embedded sections were deparaffinized and stained on Bond stainer (Leica Microsystems). The following primary antibodies were used: antieADP-ribosylation factorlike protein 13b (Arl13b; 1:500; catalog number 17,711-1-AP; Proteintech, Rosemont, IL), anti-mCherry (1:500; catalog number ab167453; Abcam), antiecone-rod homeobox [CRX; kindly gifted by Dr. Sandro Santagata (Brigham and Women's Hospital, Boston, MA)], anti-fibrillarin (1:250; catalog number ab4566; Abcam), antiegreen fluorescent protein (GFP; 1:1000; catalog number ab13970; Abcam), antiehuman melanoma black (HMB)-45 (prediluted; catalog number 282M-98; Cell Marque, Rocklin, CA), antieKi-67 (SP6; prediluted; catalog number 275R-18; Cell Marque), Agilent, Santa Clara, CA). Secondary antibodies were selected from the Alexa series (1:500; Thermo Fisher Scientific). For fibrillarin, Myc, Kir7.1, and transthyretin staining, an antigen retrieval/denaturation step was included before the blocking step: A food steamer (catalog number 5712; Oster, Boca Raton, FL) was filled with water and preheated until the chamber temperature approached 100 C; sections were immersed in boiling citric acid buffer (10 mmol/L sodium citrate, 0.05% Tween 20, pH Z 6) and placed in the steamer for 20 minutes. Sections were cooled to room temperature.
Hematoxylin and Eosin Staining
Paraffin-embedded brains were sectioned to a thickness of 5 mm. Sections were deparaffinized in xylene and then rehydrated via successive incubation in 100% ethanol, 95% ethanol, and H 2 O.
Sections were incubated in Gill 3 hematoxylin (Sigma-Aldrich, St. Louis, MO) for 2 minutes, and a 5-second incubation in 0.5% ammonia water was used to increase the contrast of the hematoxylin stain. Sections were rinsed in H 2 O and incubated in 1% alcoholic eosin for 3 minutes. Finally, sections were dehydrated via successive incubation in 95% ethanol, 100% ethanol, and xylene, and mounted using Permount (Thermo Fisher Scientific).
Positron Emission Tomography/Computerized Axial Tomography
Mice were fasted overnight and then intravenously administered a bolus of 37 megabecquerels of 18 F fluorodeoxyglucose. 18 F fluorodeoxyglucose activity in the syringe was monitored before and after the injection. An uptake time of 1 hour was allowed, followed by computerized axial tomography and positron emission tomography (Bruker PET/SPECT/CT scanner, Small Animal Imaging Laboratory/Bruker, Billerica, MA) under isoflurane anesthesia. Mice were kept warm throughout the procedure to reduce 18 F fluorodeoxyglucose uptake in soft tissue. Images were analyzed using Amide's a Medical Image Data Examiner software version 1.0.5 (Amide; http://amide. sourceforge.net). 
Results
High Myc expression was detected in mouse embryonic day (E) 8.5 presumptive forebrain neuroepithelium before neural tube closure, and decreased expression in E10.5 neuroepithelium after the formation of the telencephalic vesicles ( Figure 1, A and B) . Once down-regulated at E10.5, Myc expression in neural progenitors remained very low throughout embryonic cerebral cortical development (data not shown; see also Chau et al 16 ).
To investigate the consequences of persistent Myc expression in the developing forebrain, StopFLMYC mice 17 were crossed with nestin-Cre mice, 18 in which Cre-mediated recombination is initiated at around E10.5. Although Myc was highly expressed throughout the cerebral cortex thereafter, cerebral cortical tissue showed no signs of tumorigenesis even into adulthood (data not shown). In contrast, although choroid plexus in Myc-OE mice appeared healthy at birth, some cells acquired nuclear atypia, including occasional prominent nucleoli, nuclear irregularity, and slight karyomegaly by postnatal day (P) 8 (data not shown). Ultimately, ectopic Myc expression in choroid plexus culminated in the development of choroid plexus tumors in adult mice, with complete penetrance (23 of 23 at 8 weeks of age) ( Figure 1C ).
Choroid plexus tumors showed striking ventricle-specific regionalization in the lateral and fourth ventricles, matching the typical presentation of tumors in the clinical setting. 1 Notably, in all cases examined, tumors in the lateral ventricles regionalized to the posterior domain of the choroid plexus ( Figure 1C ), whereas tumors in the fourth ventricle choroid plexus were found throughout the tissue ( Figure 1C ). No third ventricle tumors were observed.
Histologic analysis of six choroid plexus tumors from the lateral and fourth ventricles of three adult animals showed histology most consistent with CPC (World Health Organization grade III 19, 20 ) , as all tumors met four of the five World Health Organization criteria for CPC: i) at least five mitoses per 10 high-power fields, ii) increased cellular density, iii) nuclear pleomorphism, iv) loss of papillary architecture, and v) necrosis ( Table 1 and Figure 1D ). The Ki-67 proliferationelabeling index for these CPCs ranged from 45% to 74% ( Figure 1E ). Additional immunohistochemical analyses revealed that all six CPCs were variably immunoreactive to both transthyretin and Kir7.1 ( Table 1 and Figure 1F ), confirming tumor origin from the choroid plexus. 21, 22 Some CPCs demonstrated involvement of the ependymal layer, with minimal invasion of the brain parenchyma (data not shown). Loss of Trp53 expression was not detected in tumor versus control tissues (data not shown), indicating mechanisms other than those associated with Li-Fraumeni syndrome, in which CPCs are common. 23 While healthy, unaffected choroid plexus cells are typically multiciliated, transformed cells were more likely to harbor a single primary cilium ( Figure 1G ), supporting a model in which multiciliated epithelia transition to monociliated epithelia with increased aggressiveness of disease. 3, 24 Choroid plexus epithelial cells differentiate from the roof plate and neuroectodermal lineage along the neural tube, 25e27 but they are not commonly appreciated to be part of the nestin lineage. Nestin-Cre/Rosa mTmG reporter mice initially showed temporal and spatial Cre mosaicism with limited recombination (GFP-positive cells) in the choroid plexus of the lateral ventricles at birth (Figure 2A ), and higher rates of recombination in the ventral regions of the fourth ventricle choroid plexus ( Figure 2B ). However, by P8, Cre recombination recognized by Rosa mTmG had occurred throughout each choroid plexus in each ventricle in the brain (Figure 2, CeH; data not shown). Therefore, the regionalized Myc expression and tumor development was unlikely to be due to inefficiency of Cre expression. Despite this nestin-Cre recombination, Myc expression was restricted to the posterior domain of the lateral ventricle choroid plexus and fourth ventricle choroid plexus (Figure 2, I and J) . Although the anterior lateral ventricle and third ventricle choroid plexuses are induced separately, the exclusion of Myc in these regions agrees with a previously suggested similarity between them. 28 Collectively, these data underscore the importance of patterned domains in the choroid plexus, 29 and the selective vulnerability of certain epithelial cells in the neural lineage to tumorigenesis.
Unbridled Myc expression in choroid plexus tumors up-regulated the protein biosynthetic pathway. As increased ribosome biogenesis is associated with nucleolar hypertrophy, 30 nucleolar volume provides a proxy for ribosome biogenesis. 14, 15 After visualization of nucleoli with fibrillarin ( Figure 3A) , three-dimensional reconstructions of individual nucleoli were performed in choroid plexus epithelial cells. Quantification of nucleolar volume revealed that Myc expression led to larger nucleoli ( Figure 3B) , indicative of increased ribosome biogenesis. Remarkably, select ribosomal subunit transcripts known to be Myc targets in other tissues 31e33 were differentially expressed in choroid plexus tumors. For example, levels of Rps17 were decreased ( Figure 3C ), but those of Rps5, Rps12, Rpl11, and Rpl10a were increased in choroid plexus tumors ( Figure 3C ), suggesting the up-regulation of select ribosomal proteins as part of the choroid plexus canceretranslational machinery. These changes in ribosome biogenesis were accompanied by higher rates of protein synthesis in both lateral and fourth ventricle tumors (Figure 3 , D and E). Taken together, our findings demonstrate that Myc-driven tumorigenesis in the choroid plexus recapitulates cellular transitions common to accelerated cancer growth in other tissues. 34e37 The shared mechanisms may provide common ground for future treatments of these rare tumors.
In the human brain, Myc family members are expressed in fetal cerebral neural tissues and retina, but very little to no Myc family member expression is detected in choroid plexus. 10 Because copy number gains in chromosome 8, which contains the MYC locus, are associated with human choroid plexus tumors, 4 a panel of human choroid plexus tumors (choroid plexus papilloma and CPC) were screened for Myc expression by immunohistochemistry ( Table 2 ). Myc expression was increased in several cases of choroid plexus papilloma and CPC compared to normal controls ( Figure 4, A and B) . As the CPC cases showed greater variation in the percentage of Myc positiveestained epithelial cells, mitotic activity and proliferation rate were examined specifically in Myc-positive versus Myc-negative CPCs, and more Ki-67epositive cells were observed in Myc-positive tumors (Figure 4, C and D) , with a significant correlation between Myc and Ki-67 levels [Pearson correlation coefficient (r) Z 0.81, P < 0.0001]. These data support the conclusion that higher Myc expression is associated with higher proliferation rates in human choroid plexus carcinoma, as in other Myc-expressing tumor types.
Myc-OE mice also developed bilateral, malignant, nonteratoid CBME of the eye, with complete penetrance (Figure 5, AeE) . Nestin-Cre/Rosa mTmG reporter mice showed full recombination (GFP-positive cells) in the eye, including the ciliary body ( Figure 6, A and B) , and Myc protein expression was high in ciliary body epithelial cells of Myc-OE mice ( Figure 6C ). Histologic analyses revealed a focally pigmented neoplasm composed of cells with karyomegaly, hyperchromatic irregular nuclei, frequent mitoses, and apoptotic figures. Tumor tissue organized in sheets and cords (particularly visible in areas in which the cellular density did not preclude architecture), adenoid arrangement, and occasionally formed lumens ( Figure 5E ). Tumor cells were moderately cohesive. All tumors originated in the ciliary body (best seen at 4 weeks, before the tumor was so large as to potentially confound origin) ( Figure 5 , B and C), and grew in between the retina and choroid, extending posteriorly in the optic nerve, where it invaded the lamina cribrosa. Retinal detachment was observed, with accumulation of serous material behind the retina. The choroid and the anterior chambers were not involved ( Figure 5, B and D) .
Immunohistochemical stains further supported the diagnosis of CBME. The tumor cells had focal, variable synaptophysin immunolabeling, and occasional cells were positive for keratin (CAM5.2) and S100 expression. The pigment-containing cells expressed HMB45; all tumor cells were negative for CRX, an antibody specific for retinal origin ( Figure 5F ; data not shown). The cytology, histologic architecture, and immunoprofile described in the preceding paragraph argues against melanoma. Given the primitive aspect and location, the rare childhood cancer retinoblastoma was excluded by demonstrating origin of tumor from ciliary body, histologic features incompatible with retinoblastoma, as well as immunohistochemical pattern, 38 in particular only patchy synaptophysin (neuronal marker) and absent CRX (retinal/pineal lineage marker) expression ( Figure 5F ). Although tumors were pigmented, they were not uveal melanoma based primarily on tumor architecture. Cordlike growth patterns were present in the tumors, and this pattern would be unusual for melanoma ( Figure 5E ). Although HMB45 immunoexpression is seen in melanoma, consistent with the current literature on human CBME, 39, 40 tumors were focally immunopositive for HMB45 and, to a lesser degree, S100 ( Figure 5F ). Moreover, the presence of HMB45 expression with almost complete absence of S100 is more consistent with a pathologic diagnosis of CBME than with melanoma, which is S100 positive. Sebaceous and basal cell carcinoma and other epithelial tumors were also ruled out based on low levels of keratin (CAM5.2) expression in the tumorigenic domain of the eye (data not shown). Ki-67 staining demonstrated high proliferation rates in CBMEs in Myc-OE mice ( Figure 5G ). Quantification of nucleolar volume revealed that Myc expression led to larger nucleoli ( Figure 5 , H and I), indicative of increased ribosome biogenesis in these CBMEs, similar to the findings in the choroid plexus ( Figure 3, A and B) .
Tumorigenesis in Myc-OE mice was accompanied by hydrocephalus and behavioral manifestations of persistent clockwise or counterclockwise movements (whirling). No obvious tumors were observed around the eighth cranial nerve (data not shown), consistent with the nonplacodal origin of the vestibulocochlear ganglion. These data suggest that the vestibular defect was likely due to the onset of hydrocephalus and increasing intracranial pressure resulting from the choroid plexus tumors. Positron emission tomography imaging at 4 to 10 weeks did not reveal additional tumors in the bodies of the mice (Supplemental Figure S1 ; data not shown). Due to health considerations, mice were euthanized between 8 and 12 weeks of age. As such, the possibility of forthcoming tumorigenesis in other regions of the brain and/or body cannot be excluded.
Discussion
Here, we find that endogenous Myc is down-regulated in the forebrain neuroepithelium, and that prolonged expression of human Myc in the nestin lineage results in selective tumorigenesis in the choroid plexus and ciliary body of the eye, with complete penetrance. The rapid down-regulation of Myc expression after neural tube closure was unexpected, as E10.5 represents a stage of intense progenitor proliferation and the beginning of cerebral cortical neurogenesis. During the analogous developmental stage of the cerebellum, expression of other Myc family members (eg, N-myc) are maintained during the expansion of cerebellar granule neurons. 41 Longstanding models of disease pathogenesis in adults predict root causes in missteps of early development. An instructive example comes from Li-Fraumeni syndrome, in which inherited or de novo mutations during embryogenesis predispose individuals to later-onset cancers. 5 Accordingly, although nestin-directed Cre recombination in choroid plexus begins during late embryogenesis, the consequences of persistent, high Myc expression manifests as tumors weeks later postnatally. Nestin is expressed in virtually all neural lineages; however, tumors are observed only in the posterior domain of the lateral ventricle choroid plexus, fourth ventricle choroid plexus, and ciliary body of the eye. Although the mechanisms regulating the temporal and cell-type specificity of nestin-Cre recombination in the choroid plexus remain to be tested, these findings underscore the importance of patterned domains in the choroid plexus, 29 and the selective vulnerability of certain subtypes of epithelial cells to tumorigenesis.
Key features, including i) complete penetrance, ii) regionalization of tumor formation to the posterior domain of the lateral ventricle choroid plexus and fourth ventricle choroid plexus, and iii) developmental timeline consistent with clinical presentation of CPC primarily occurring in the first 5 years of life, 42 distinguish this Myc-OE choroid plexus tumor model from other previously reported models of CPC. 3, 4, 43 We show that Myc overexpression alone is sufficient to induce the development of CPC, and that other genetic modifications (eg, Tp53 deletion observed in Li-Fraumeni syndrome) are not required. Our findings elucidate new mechanisms for CPC formation, and are clinically salient, as recent reports suggest that up to 50% of CPC patients lack Tp53 deletion. 44, 45 In summary, our findings expose the vulnerability of epithelial cells in the nestin lineage to oncogenic transformation. Supplying Myc in this patterned context leads to the development of regionalized CPC that is accompanied by up-regulated ribosome biogenesis, protein synthesis, and hydrocephalus. Myc expression is also found in human CPC. To our knowledge, this Myc-OE mouse is the first model reported for CBME, and our extensive neuropathologic assessment demonstrates that this model faithfully recapitulates the defining features of CBME. Overall, this mouse overexpressing Myc in the nestin lineage provides new opportunities for investigating the molecular pathogenesis of these rare pediatric tumors.
